I. INTRODUCTION
Both divalent and trivalent Eu ions in solids exhibit efficient emissions and they have been used widely in commercial phosphors although their optical characteristics differ greatly from each other. That is, the emission and absorption spectra of Eu 3+ ions are characterized by sharp lines due to 4f 6 ↔ 4f 6 ͑f-f͒ transitions. They have been studied extensively, encouraged by applications to red phosphors for fluorescent lamps and color television screens. Their energies are almost insensitive to environments around the ions because 4f electrons are electrostatically shielded by other outer electrons. In addition, the f-f transition probability is small because it is prohibited by the parity preservation rule, which becomes partially allowed by the spin-orbit interaction and/or odd components of the crystal field. On the other hand, Eu 2+ ions exhibit broad absorptions and emissions, originating from 4f 7 ↔ 4f 6 5d 1 ͑f-d͒ electric dipole allowed transitions. These ions are used in phosphors and scintillator materials for various wavelengths because the energy positions of the 5d levels depend strongly on the crystalline environment. Thus phosphors activated with the Eu 2+ ions can potentially be used for emitting colors from blue to red. 1 Long wavelength emissions of up to 600 nm have been achieved through a rational selection of matrices based on the following three factors. First, there is orbital overlapping between Eu 2+ and surrounding anions. It lowers the barycentric energy position of the 5d level compared to the free ion through the attenuation of the Coulomb repulsion between them, known as the nephelauxetic effect. Second, there is crystal field splitting, in which the degeneracy of the 5d state of Eu 2+ is lifted by the crystal field. The magnitude of the splitting depends on the distances between the Eu 2+ and ligand ions as well as ligand configurations. The splitting leads to the energy lowering of the 5d emitting level, while keeping the barycentric energy unchanged. Finally, electronphonon interaction contributes to the lowering of the emission band energy, known as a Stokes shift. Here transition energy is partly used to excite phonons through lattice relaxation around the Eu 2+ site. With an increase in cage size or softening in the cage configuration, the redshift of the emission becomes enhanced.
Recent 2+ and measured the photoluminescence ͑PL͒, photoluminescence excitation ͑PLE͒, and optical absorption ͑OA͒ spectra. A broad emission band was observed, peaking at 600 nm, with an excitation wavelength above 360 nm, which is one of the longest emission wavelengths among Eu 2+ -activated oxide phosphors. In addition, the emission spectra exhibit transient sharp lines under UV irradiation ͑Ͻ360 nm͒, superposed on a broad band, indicating that Eu 3+ is photogenerated by the UV light irradiation. The results have been reported briefly in our previous report. 10 In this paper, we report experimental results more thoroughly and detailed analysis of the time evolution for the emission due to photoinduced Eu 3+ , which provides direct evidence for the existence of the transient Eu 3+ . Moreover, we have proposed an energy diagram of Eu 2+ in the host material based on the emission, excitation, and diffused reflection spectra.
II. EXPERIMENTAL PROCEDURE
A. Crystal structure and sample preparation Ca 2 ZnSi 2 O 7 is a member of the melilite group with the tetragonal space group P42 1 m͑D 2d 3 ͒ ͓Fig. 1 ͑Ref. 11͔͒. The crystal has a layered structure, where each layer is constructed by either corner-shared ͓ZnO 4 
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Stoichiometric mixture of CaCO 3 , ZnO, and SiO 2 powders was blended in ethanol. After desiccation, they were sintered in air at 1300°C for 6 h. They were then mixed with additional ZnO, SiO 2 , and EuCl 3 powders in acetone and desiccated again. Finally, a pressed pellet was put in a graphite crucible and annealed at 1300°C in a reduced atmosphere of H 2 :N 2 =5:95 to obtain the phosphor. The valence state of Eu ͑Eu 2+ ͒ was confirmed from the broad band feature of the PL spectrum. The crystalline phases of the samples were identified by x-ray diffraction ͑XRD͒ using a Rigaku RINT 2000 with Cu K␣ radiation. A typical XRD pattern of a synthesized sample is shown in Fig. 2 , together with the simulation pattern obtained from the Inorganic Crystal Structure Database. All of the peaks of the sample were indexed to those of Ca 2 ZnSi 2 O 7 , indicating that the samples are composed of a single phase.
B. Optical measurements
PL and PLE spectra excited by continuous wave ͑cw͒ light with excitation wavelengths of 260, 320, 360, 420, and 460 nm were recorded by a fluorescence spectrophotometer ͑Hitachi F4500͒. PLE spectra were obtained using a monochromic cw light by monitoring a fixed wavelength of 600 nm, which corresponded to the emission band peak. Spectral diffuse reflection was measured by an UV-visible-nearinfrared multipurpose spectrophotometer ͑Hitachi U4000͒ with a cw light from a Xe+ D 2 lamp, which was converted to an OA spectrum via the Kubelka-Munk transformation. Time-resolved PL spectra were taken using nanosecond light pulses ͑230-540 nm͒ from an optical parametric oscillator ͑OPO͒ pumped by a Q-switched neodymium doped yttrium aluminum garnet ͑Nd:YAG͒ laser ͑Spectra-Physics MOPO-SL and PRO290͒, or femtosecond pulses ͑at 266 nm͒ from a third harmonic of a regenerative amplified Ti:sapphire laser ͑Spectra-Physics Spitfire͒, and a spectrometer with a streak camera ͑Hamamatsu-Photonics C5680͒ at temperatures between 77 and 298 K. The time decay of the PL spectra was measured by a spectrometer equipped with a gated charge coupled device detector ͑Roper-Scientific SpectraPro500i͒. Pump and probe measurements were performed using a second harmonic ͑532 nm͒ of a Nd:YAG laser ͑Spectra-Physics Millennia V͒ as a probe and an UV nanosecond pulse as a pump. 
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III. RESULTS AND DISCUSSION
A. cw measurements Figure 3 shows PL, PLE, and OA spectra for 1% Eu 2+ doped Ca 2 ZnSi 2 O 7 sample, which gave the most intense PL as a function of Eu 2+ concentration. Strong PLE bands ͑at wavelengths of 460 nm, for instance͒ appear in the weak OA region and vice versa. In an extreme case, dip structures are observed at OA band peak positions of 280 and 360 nm. Such discrepancy is likely due to an "inner-filter effect," which is generally observed in sintered powder phosphors with intense absorption bands. That is, the excitation light corresponding to strong absorption peaks is absorbed mostly on the surface to excite Eu 2+ , which then decays nonradiatively via faintly emitting photons. However, photons that originate away from the peak penetrate deep inside the sample and form excited states uniformly in the bulk. These contribute efficiently to the emission intensity. As a result, the PLE spectrum exhibits the dip structures at wavelengths around OA band peaks.
Comparison between the PLE and OA spectra indicates that the fundamental absorption edge for Ca 2 ZnSi 2 O 7 is located at approximately 280 nm. This is the transition from the valence band, which is dominantly composed of O 2p , to the conduction band formed by metal orbitals. On the one hand, PL spectra taken with the excitation wavelengths above 360 nm ͑spectra 1 and 2͒ show a single emission band peaking at about 600 nm, which is attributable to the f-d transition of the Eu 2+ ion. The peak wavelength is much longer than those observed in most of oxides and fluorides ͑350-500 nm͒ and nearly equal to those of Ca-␣-SiAlON ͑600 nm͒ ͑Refs. 13 and 14͒ and alkaline-earth chalcogenides ͑SrS 616 nm, CaS 651 nm͒. 15 On the other hand, PL spectra excited below 360 nm are composed of sharp lines superposed on the broad band. The emission wavelengths agree with those associated with the intra-4f transitions of Eu
..͔͒, confirming the assignment of the optical bands at 360 nm in the OA and PLE spectra to charge-transfer absorption from Eu 2+ to the conduction band. That is, the Eu 3+ ion is generated as a result of photoreduction of Eu 2+ to release an electron to the conduction band, which may be captured in electron traps in the conduction band. Thus, the Eu 3+ ion has a finite lifetime following UV irradiation, as discussed in Sec. III B. Table I summarizes the cation-anion distances for three kinds of melilite compounds estimated from XRD data, [16] [17] [18] [19] together with PL wavelengths and magnitudes of the Stokes shifts. 20 Moreover, a replacement of a Ca 2+ ion with Ba 2+ ion induces a change in the crystal structure from tetragonal to monoclinic, leading to an expansion of the anion-cation distances to approximately 2.8 Å. 20 As a result, an emission due to the d-f transition of Eu 2+ in Ba 2 MgSi 2 O 7 appears at 505 nm, which is much shorter than that of the tetragonal melilite. The small bond distances between Eu 2+ and O 2− may also give rise to a large covalency, which likely reduces the barycentric energy position of the 5d levels. 3 . ͑Color online͒ PLE and PL spectra of Ca 2 ZnSi 2 O 7 :Eu 2+ phosphor. The PL spectra were taken at the excitation wavelength between 260 and 460 nm. Emission was monitored at 600 nm for the PLE spectrum. Here, the lowest energy band in the PLE spectrum is decomposed into three Gaussian components. Dotted and dashed lines show the absorption spectrum for the phosphor and the pure matrix, respectively. concluded that the strong ligand field imposed on Eu 2+ in Ca-melilite plays a critical role in the redshift of the peak wavelength of the emission band.
Existence of a PLE band centered at 460 nm in the PLE spectrum is well suited for excitation by InGaN blue LEDs. Furthermore, the Commission International del'Eclairge ͑CIE 1931͒ chromaticity for emission from a 1% Euactivated Ca 2 ZnSi 2 O 7 is calculated to have an index ͑x , y͒ = ͑0.542, 0.450͒. The chromaticity point, together with those for other melilites, is shown in Fig. 4 . It is worth noting that the line connecting the chromaticity points of a blue LED ͑ em = 460 nm͒ and Ca 2 ZnSi 2 O 7 :Eu 2+ ͑600 nm͒ crosses the Planckian locus at color temperatures of ϳ2000 K. Therefore, the blue LED-excited Ca 2 ZnSi 2 O 7 :Eu 2+ allows for generating "warm" white light, which had not been realized using commercial Y 3 Al 5 O 12 ͑YAG͒:Ce phosphor excited with a blue LED.
B. Time-resolved measurements
To clarify the photoinduced Eu 3+ state formation, we have performed time-resolved optical measurements since this state is expected to be transient. Streak images for Ca 2 ZnSi 2 O 7 :Eu 2+ using a 266 nm femtosecond pulse as an excitation light source are shown in Fig. 5 . The timeintegrated PL spectrum from 0 to 1 ms is plotted as a solid line and reproduces the PL spectra excited by cw light. These emission lines precisely agree with those due to the transitions from the 5 D 0 emitting state to the 7 F J ground states. The decay profiles of the line emissions were derived from the cross section of the streak images, as seen in Fig. 6 . Ca 2 ZnSi 2 O 7 : Eu exhibits broad emission with shorter decay time of about 2.5 s, associated with the allowed d-f transition of Eu 2+ ions, followed by line emission with longer decay times of 2.5 ms, which is attributed to the forbidden intra-4f transitions of Eu 3+ ions. Thus, the PLE spectrum for each component was obtained separately by time-resolved measurements, in which nanosecond pulses underwent tuning in a wide wavelength range.
OPO was employed as the excitation light for monitoring emission at 614 nm. The emission at this wavelength is a superposition of a fast Eu 2+ decay and a slow Eu 3+ 5 D 0 → 7 F 2 decay. Figure 7͑a͒ shows a time-integrated PLE spectrum from 0 to 5 s for the fast decay component, denoted by filled circles, and from 20 to 80 s for the slow decay component, denoted by open squares. cw-light excited PLE is also plotted in the figure by a solid line and resembles the PLE spectra for the fast decay components. However, PLE for the slow component is similar to PLE for Eu 3+ activated Ca-melilite, which did not undergo a reduction treatment ͓Fig. 7͑b͔͒. This confirms that the fast and slow components in the time-resolved PLE spectra are due to Eu 2+ and Eu 3+ , respectively. The PLE spectra for Eu 3+ suggest that the observed strong band below 300 nm is attributable to the charge-transfer transition, in which an electron in the valence band is transferred to Eu 3+ to form Eu 2+ and a hole in the valence band. In addition, the long lifetime of PLE peaks at 395, 465, and 530 nm implies that some Eu 3+ ions remained in the reduction-treated samples. That is, the dominant portion of the line emission is due to the photogenerated Eu 3+ , although there is a small contribution due to the residual Eu 3+ ions. In order to distinguish the contributions due to the photoinduced Eu 3+ ions from the residual ones, we performed pump-probe measurements to estimate the lifetime of the transient Eu 3+ ions. Here the samples were irradiated simultaneously with a nanosecond UV ͑260 nm͒ pulse as a pump and green ͑532 nm͒ cw laser as a probe, whose energy exactly matched the transition energy from 7 F 0 to 5 D 1 states of the Eu 3+ ions. Figure 8 shows the transitional emission spectra at 77 K for simultaneous irradiation with two kinds of laser light. All the spectra show similar profiles, independent of the time delay from the pulse and are thus assigned to Eu 3+ . The emission intensity was nearly exhausted within ϳ40 ms, showing that most of the Eu 3+ ions were transient. Time decay curves of the emission intensity at 584 nm corresponding to 5 D 0 → 7 F 1 of Eu 3+ are shown in Fig. 9 , with the emission intensity normalized at t =0.
The decay from pulse excitation only ͑open circles in Fig. 9͒ was fitted well by a single exponential function with a decay time of 3.8 ms ͑dotted line in Fig. 9͒ . In contrast, the decay curves excited by the pulse and cw light ͑filled circles in Fig. 9͒ could not be fitted by a single exponential. Furthermore, a time-independent component ͑orange area in Fig. 9͒ 
͑2͒
From this, N 3 and N 2 are obtained as in Eqs. ͑3͒ and ͑4͒ below, where t = 0 is set at the termination of the excitation pulse.
Here A 1,2 and B 1,2 are constants, which depend on the initial conditions, and
Since emission intensity is proportional to N 3 , Eq. ͑3͒ indicates that emission decay follows a double exponential curve, in agreement with experimental observation ͑solid line in Fig. 9͒ 
IV. CONCLUSION
We have created a red-orange light-emitting phosphor with blue-light excitation by doping Eu 2+ into a sorosilicate Ca 2 ZnSi 2 O 7 with a layered structure. A blue-light excitation induces intense broad PL centered at ϳ600 nm at room temperature, attributable to electric dipole transitions from 4f 6 5f 1 to 4f 7 in Eu 2+ ions. The observed emission with its unusual long wavelength is due to the low symmetry and tight coordination of the surrounding eight oxygen ions in the layered crystal structure. In addition, line emissions are observed for sub-360 nm deep UV excitation. These originate from the transitions between 5 
